ABSTRACT Respiratory deficits are common following curative intent lung cancer surgery and may reduce the patient's ability to be physically active. We evaluated the influence of surgery on pulmonary function, respiratory muscle strength and physical performance after lung resection.
Introduction
Lung resection remains the main curative treatment for early-stage lung cancer. However, surgery results in persistent reduction in post-operative pulmonary function of 10-40% [1, 2] , which may contribute to functional impairments [3] . The cause of impaired pulmonary function following lung resection is multifactorial, including the removal of lung tissue and alterations in chest wall mechanics due to the surgical incision [4] . A significant decrease in respiratory muscle strength (RMS) 4 and 12 weeks after thoracotomy has been reported [5] [6] [7] , while another study describes spontaneous recovery 30 days post-operatively [8] . There is inconsistency in the literature regarding the influence of the surgical approach on RMS. Video-assisted thoracoscopic surgery (VATS) may induce a smaller decrease in RMS compared with thoracotomy [9] [10] [11] .
After major lung resection, a decline in ambulatory daily activity has been reported, despite recovery of the functional exercise capacity 1 month post-operatively [12, 13] . Whereas respiratory muscle dysfunction following surgery has been suggested to negatively influence post-operative pulmonary function [14] , the influence of respiratory muscle dysfunction on functional outcomes has not been subject to studies. Thus, the aim of this study was to describe pulmonary function, RMS and physical performance within a period of up to 6 months after surgery.
Materials and methods

Subjects and design
Eligible were patients aged ⩾18 years, scheduled for lung resection on the suspicion of or confirmed lung cancer at the Dept of Cardiothoracic Surgery, Aalborg University Hospital, Denmark, between November 2012 and April 2014. Approximately 100 surgeries for confirmed lung cancer are performed in this centre annually. The exclusion criteria were physical or mental deficits adversely influencing walking ability, inability to understand written and spoken Danish, previous ipsilateral lung resection, disseminated or nonresectable lung cancer, pancoast tumour, and thoracic or abdominal surgery within 1 year pre-operatively. The extent of expected or resected lung tissue is not routinely calculated in all patients. The majority of patients (n=59) participated in a randomised controlled trial designed to evaluate the effects of post-operative inspiratory muscle training on RMS [15] . The study was approved by the Research Ethics Committee (N-20120027) and the Danish Data Protection Agency (N-2008-58-0028). Written informed consent was obtained prior to inclusion.
Perioperative management
All patients received pre-medication and general anaesthesia ( propofol/remifentanil). Lung resections were performed either by conventional three-port VATS or by muscle-sparing lateral or postero-lateral thoracotomy ( preserving the musculus latissimus dorsi and musculus serratus anterior). The choice of the surgical approach and the use of a rib retractor were at the discretion of the surgeon. In general, thoracotomy is used for major resections, while VATS is used for minor resections or resection in patients with compromised lung function. At the end of the surgery a single chest tube connected to a suction system with negative pressure of 5-10 cmH 2 O (Thopaz Chest Drainage System; Medela, Baar, Switzerland) was placed in the pleural space. No drainage was used after pneumonectomy. Pain management was primarily achieved by continuous epidural infusion over a period of 1-5 days, supplemented with per os nonsteroidal anti-inflammatory drugs and paracetamol. All patients received post-operative respiratory physiotherapy consisting of breathing exercises and instructions in coughing and huffing and early mobilisation [15] .
Outcome measurements
The assessments were performed pre-operatively, 2 weeks post-operatively and 6 months post-operatively.
Assessment of RMS measured at the mouth was performed according to American Thoracic Society/ European Respiratory Society guidelines [16] . We used a hand-held electronic pressure transducer (Micro RPM; MicroMedical/CareFusion, Chatham, UK) with a flanged mouthpiece and the patient sitting in a chair. Measurements were performed from total lung capacity for maximal expiratory pressure (MEP) and from residual volume for maximal inspiratory pressure (MIP). The highest plateau pressure (1-s average) obtained after at least five attempts, with three attempts lying within 10 cmH 2 O of each other, was used. The percentage of predicted normal values was also calculated [17] . Patients rated their wound pain during the assessment of RMS on a 0-10 numerical rating scale. Higher ratings corresponded to higher levels of pain.
Forced expiratory volume in 1 s (FEV1) and forced vital capacity (FVC) were measured using a calibrated portable spirometer (Spirovit SP-2; Schiller, Baar, Switzerland). The best of three measurements was recorded [18] and the FEV1/FVC ratio was calculated. Predicted values were related to age, sex and height [19] .
The 6-min walk test (6MWT) was used to assess physical performance. The test was performed twice, according to American Thoracic Society guidelines [20] , in a 20-m corridor. Results were related to reference values [21] . Peripheral oxygen saturation measured by pulse oximetry (SpO 2 ) (ri-fox N; Riester, Jungingen, Germany) and patient's experienced dyspnoea (Borg CR10 scale) [22] were assessed before and after the test. The perceived exertion post-6MWT was assessed using a modified 0-10 Borg scale. Higher ratings corresponded to higher levels of dyspnoea or exertion.
Statistical analysis
Data were reported as mean±standard deviation and median (minimum-maximum range) for ordinal or continuous variables, and as number and percentages for categorical variables. Nonparametric tests were used for analysis: the Wilcoxon signed-rank test for within-groups comparisons, the Mann-Whitney U-test for between-groups comparisons and the Kruskal-Wallis test for comparisons in categorical variables. For calculation of relative changes we used: (value at 2 weeks−value at baseline)/value at baseline) and likewise for values at the 6-month follow-up. All statistical tests were performed two-sided and conducted at the 5% significance level with SAS version 9 (SAS Institute, Cary, NC, USA).
Results
The study flowchart is provided as supplementary figure S1. 121 out of 232 screened patients were eligible, 88 were recruited and 80 completed the assessments 2 weeks post-operatively. 65 patients completed the assessments 6 months post-operatively. Demographic and post-operative data for the study sample are summarised in tables 1 and 2, which also present characteristics of the participants who completed all assessments and those not available after 6 months. At baseline, as a group, participants did not present impairments in RMS or 6MWT (both >100%). Chronic obstructive pulmonary disease (COPD) was diagnosed in 36% of cases. All patients underwent lung resection and radical surgery was performed in case of a malignant diagnosis. Two patients died between 2 and 6 months post-operatively. Nonmalignancy was the main reason for dropouts (n=7) 6 months post-operatively (no need for medical follow-up, according to hospital routines).
At 2 weeks post-operatively, RMS remained unchanged. Reductions in 6MWT (mean −37.6±74.8 m; p<0.001), SpO 2 post-6MWT (−2.9±4.7 units; p<0.0001) (table 3), and FVC and FEV1 (both p<0.001) were detected (table 4). We also found that dyspnoea and exertion post-6MWT were significantly increased 
Discussion
This study was aimed at describing pulmonary function, RMS and physical performance within a period of up to 6 months after curative intent lung cancer surgery. We found that 1) both pulmonary function and physical performance decreased significantly 2 weeks post-operatively, 2) SpO 2 after the 6MWT was significantly decreased at 2 weeks and 6 months post-operatively, and 3) RMS was not affected 2 weeks post-operatively. Thus, the post-operative decrease in oxygenation post-6MWT is not likely related to impaired RMS, since the latter was already recovered 2 weeks after the surgery. Our data show a significant decline in SpO 2 post-6MWT: from 95% to 92% 2 weeks post-operatively and to 93% after 6 months. At the same time, patients experienced greater dyspnoea and exertion after the 6MWT (∼1 unit) at both follow-ups, despite recovery of walked distance by 6 months post-operatively. Similar findings of decreased oxygenation following the 6MWT have been described 2 [23] and 6-10 weeks [24] following lobectomy. Our data indicate that impaired oxygenation after the 6MWT is present not only after lobectomy and major resections, but also following minor resections. The impaired oxygenation may be explained by a degree of ventilatory inefficiency on a given workload, i.e. a combination of ventilatory and gas exchange impairments, secondary to the removal of lung tissue [14] , which might result in a persistent mismatch in the oxygen delivery capacity during exercise. Patients with SpO 2 ⩽90% 2 weeks post-operatively had lower pre-operative values of diffusing capacity of the lung for carbon monoxide (DLCO) when compared with nondesaturators, despite a relatively more preserved post-operative FEV1. CAVALHERI et al. [24] also suggested that the increased sensation of dyspnoea after lung resections might be related to the development of lung hyperinflation during exercise, similar to those with COPD [25] . Monitoring tidal volumes during the 6MWT and changes in inspiratory capacity before and after the 6MWT, in particular in patients with impaired DLCO, could provide important information regarding the mechanisms involved in the ventilatory limitations during exercise in this population.
Our findings that RMS was not reduced 2 weeks after lung resection are contradictory to previous studies, as impairments in both inspiratory and expiratory muscle strength have been reported after major [5] [6] [7] [8] 10] and minor [11] lung resections, evaluated at different time-points: 1 [9, 11] , 4 [11] and 12 weeks post-operatively [5] [6] [7] . A single study performed by BORGES-SANTOS et al. [8] reported on normalisation of MIP and MEP between days 10 and 15 following thoracotomy. A smaller decrease in RMS has been reported following VATS compared with non-muscle-sparing thoracotomy [6, 9, 10] . The surgeons in our institution perform thoracotomy with muscle-sparing techniques for major resections, while VATS is mostly used in patients with limited pulmonary function or for minor resections. This practice is in accordance with other authors, who describe better outcomes following VATS compared with traditional open techniques [26] . As a result of the reduced damage to the chest wall, less invasive techniques may ameliorate the negative impact of the surgery on pulmonary function and reduce the risk of post-operative pulmonary complications [5, 14] .
Two major issues may explain the diverging reports in the literature on the negative effect of surgery on RMS and support our findings of no reduction in RMS 2 weeks after surgery. First, comparisons with older studies can be difficult, because there have been major changes over the last decade in the clinical pathway following lung resection. Factors such as the increasing use of VATS, improvements in pain management and the incorporation of structured early mobilisation may enhance the overall recovery [27] , including the recovery of RMS. Second, because measurement of RMS is effort dependent [17] , impaired RMS, especially early after the surgery, may reflect higher levels of pain in the surgical site, in particular following standard thoracotomy [28] , which could explain the decrease in RMS reported in some studies [5, 6, 9] . Our data do not support that pain has an impact in the assessment of RMS, considering that the mean pain rating 2 weeks post-operatively was low (score of 1 on the numerical rating scale).
In a previous study from our group we evaluated the effects of 2 weeks of post-operative inspiratory muscle training on RMS in high-risk patients following lung cancer surgery in a randomised controlled setting [15] . We reported on a significant decrease in RMS by post-operative day 5 with recovery 2 weeks post-operatively. The study included 73% of the present study's cohort, of which 33 patients received the active intervention. Considering that we found no differences between the groups in RMS at 5 days and 2 weeks post-operatively [15] , we cannot endorse that inspiratory muscle training as the active intervention could have enhanced recovery of RMS to a degree that influenced the results of the present study. Meanwhile, as we did not assess RMS by post-operative day 5 in all patients, we cannot exclude the presence of a transient decline in RMS early after the surgery. In the present study we report on a significant increase in MIP of 6.2 cmH 2 O 6 months post-operatively. An increase in MIP of 13 cmH 2 O has been reported as clinically relevant in the COPD population [29] , but there is no definition of a clinically relevant change in MIP following lung resection. Although statistically significant, we do not consider the increase in MIP at 6 months to be of clinical relevance, considering that SpO 2 , dyspnoea and exertion at this time-point were higher compared with baseline values.
Strengths and limitations
The dropout percentage in our study was 17% at the 6-month follow-up and this is consistent with previous reporting [13, 30] . This was a single-centre study with a heterogeneous group regarding the degree of resection of lung tissue and included patients with different diagnoses (nonsmall cell lung cancer, metastatic tumour and nonmalignant disease). Surgeons perform segmentectomies and wedge resections in patients with compromised cardiorespiratory function/early-stage nonsmall cell lung cancer in order to preserve as much of the parenchyma as possible [31] . We present results on relative changes in outcome measures 2 weeks and 6 months post-operatively stratified by the resection degree, since our results suggest that short-and long-term desaturation post-6MWT may occur regardless of the resection degree. Meanwhile, due to the small sample size and subsequent large standard deviations, the stratified results we present should not be interpreted conclusively. Also, we could not assess the influence of the surgical approach (VATS versus thoracotomy) on RMS as a sample of 70 patients in each group would be necessary to detect a difference in MIP of 15±32 cmH 2 O [32] , considering 80% power and a significance level of <0.05. Furthermore, the reliability of measurement of SpO 2 can be questioned, since arterial blood gas analysis is the gold standard in accuracy for the detection of hypoxaemia. We chose to use SpO 2 because it is a noninvasive method widely used in the clinical and rehabilitation setting. Furthermore, its accuracy is within ±2-3 units from the results obtained from the arterial blood gas analysis [33] . It also is important to consider that the 6MWT is a submaximal test and may not induce higher levels of dyspnoea compared with an incremental test. Meanwhile, the 6MWT has been shown to detect a greater decline in SpO 2 compared with an incremental, cycle-based test [24] , supposedly related to the use of larger muscle mass involved in walking. Finally, comparison between measurement of RMS by mouth pressure, as performed in our study, with an effort-independent technique that measures diaphragm contractility (twitch transdiaphragmatic pressure) [20, 34] is warranted in the surgical setting as it may provide useful diagnostic data on respiratory muscle weakness.
Conclusions
Lung resection has a significant short-and long-term impact on pulmonary function as well as on oxygenation levels and symptoms following the 6MWT, but not on RMS. Future research should focus on mechanisms other than post-operative impairments in RMS, which may explain the respiratory deficits influencing physical performance in this population.
